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Effect of hypothermic storage of kidney slices on membrane
ATPases and electrolyte transport. Rat renal cortical slices
preserved at 4° C for 48 hours were used to prepare plasma
membranes. Correlation of (Na K )-ATPase activity of the
isolated membranes and the ability of stored slices to maintain
intracellular sodium and potassium levels were made. Mem-
branes isolated from stored kidney cortex slices were found to
lack (NaK)-ATPase unless preincubated in EDTA—imi-
dazole buffer or 2.5 mra deoxycholate. After such pretreatment,
these membranes showed (Na +K +}.ATPase which was actually
higher than pretreated membranes from fresh tissue. When
stored slices were incubated aerobically at 37° C, activity of the
sodium pump resembled that of fresh tissue. It is concluded
that the cellular mechanism for sodium extrusion is stable
during hypothermic storage of renal slices and this physiological
process correlates with preservation of (Na +1K +)ATPase
activity of membranes isolated from stored renal cortical slices.
Effet de Ia conservation en hypothermie de tranches de rein
sur les ATPases membranaires et le transport d'électrolytes. Des
tranches de cortex de rein de rat conservées a 4° C pendant
48 heures ont étd utilisées pour preparer des membranes plasmi-
ques. La correlation de l'activité (NaK)-ATPasique des
membranes isolées et de Ia capacité a maintenir les concentra-
tions intracellulaires de sodium et de potassium a été étudiée.
Les membranes isolées a partir des tranches de cortex renal
conserve étaient dépourvues de (Na +K +)..ATPase quand elles
n'étaient pas pré incubées dans du tampon EDTA imidazole
ou dans du deoxycholate 2,5 mat Aprés un tel pré-traitement
les membranes possédaient une activité ATPasique plus élevée
que celle des membranes préparées a partir de tissu frais. Quand
des tranches conservées étaient incubées en aérobiose a 37° C
l'activité de Ia pompe a sodium était semblable it celle du tissu
frais. I! est conclus que le mécanisme cellulaire de l'extrusion
de sodium est stable durant Ia conservation hypothermique des
tranches de rein et que ce processus physiologique est corrélé
avec l'intégrité de l'activité ATPasique des membranes isolées
de ces tranches conservées.
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Although there is widespread interest in techniques of
kidney preservation, the effects of storage on specific
membrane processes in renal tissue have not been extensively
analyzed. Lowenstein et al [1] and Segal, Genel and Smith
[2] reported accumulation of amino acids and sugars after
rat kidney cortex slices had been stored for several days
at 4° C. Since active transport of amino acids and sugars
mediated by a (Na+K)tATPase (ouabain-sensitive ATP
phosphohydrolase EC 3.6.1.3) has been suggested [3—5],
we have investigated membrane function of stored renal
slices by an analysis of this enzymatic process. Employing
the method of Fitzpatrick et al [6] and Ebel, De Santo and
Hierholzer [7] for isolation of kidney membranes, we have
kinetically characterized the ATPase in membranes isolated
from kidney cortex slices, studied the effects of 48 hour
storage at 4° C and correlated the findings with the effect
of storage on intracellular sodium and potassium con-
centrations. Our results are the basis of this report.
Methods
Ouabain, imidazole and cytochrome c were obtained
from Calbiochem, Monsey, New York. D-histidine (free
base), Tris-ATP, and NADPH were purchased from the
Sigma Chemical Company, St Louis, Missouri. All other
chemicals were reagent grade and were obtained from:
A. H. Thomas, Philadelphia, Pennsylvania; Fisher Scientific
Company, King of Prussia, Pennsylvania; and Pfanstiehl
Laboratories, Waukegan, Illinois.
Sprague-Dawley male rats weighing 135 to 150 g were
stunned, guillotined and their kidneys removed and placed
in cold Krebs Ringer bicarbonate buffer (KRB) at pH 7.4.
After removal of the capsules, the kidneys were divided in
half and two cortex slices approximately 0.4 mm thick
were cut from each pole with a Stadie-Riggs microtome.
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Ten slices, two slices from each kidney of five animals,
were placed in a 25 ml Erlenmeyer flask containing five ml
of Krebs Ringer bicarbonate buffer. A total of 80 kidney
slices were pooled for each day's experiment. In storage
experiments, the flasks were refrigerated at 4° C. To main-
tain the pH and oxygen tension of the media during storage,
the flasks were removed from the refrigerator once a day
just long enough to be gassed for 30 seconds with 95%
02 — 5% CO2. Whole kidneys and kidney slices were kept
cold during all manipulations.
Preparation of plasma membrane fraction. Plasma mem-
branes were isolated from kidney slices by a modification
of the method of Fitzpatrick et a! [6]. The final three
centrifugations were performed by carefully resuspending
the upper fluffy yellow layer of precipitated material in a
total of three ml of 0.25 M sucrose- one mrvl EDTA. In the
last step, the isolated membranes were resuspended in a
ratio of one ml of 0.25 M sucrose-one m EDTA for each
4.42 g initial wet tissue wt. In all isolations, mitochondrial
and microsomal contamination were based on spectro-
photometric assay of succinic dehydrogenase activity [8]
and NADPH-cytochrome c oxidoreductase activity [9],
respectively. All enzyme activities, including ATPase, were
determined within one hour after isolation. Total protein
in the membrane preparation and crude homogenate was
determined by the method of Lowry Ct al [10].
The membranes were assayed for ATPase activities
either directly after isolation or after preincubation. The
preincubation involved simultaneous incubation of one-
half of the membrane preparation at 4° C for 30 mm in
3 m FDTA-50 mivi imidazole buffer, pH 7.45 and the
other half of the preparation at 4° C in the same buffer to
which 2.5 m sodium deoxycholate (DOC) had been
added [11].
Measurement of ATPase. The conditions of incubation
were modifications of those of Kinsolving, Post and
Beaver [12]. The final incubation volume was 2.5 ml and
contained 5 jimoles Tris-ATP, 100 jimoles imidazole-
histidine buffer, and 80 mrvi Nat, 16 mMK , and 1 m Mg2 .
After incubation at 44° C, the reactions were stopped by the
addition of 1.5 ml of 1.2 M HCIO4. The contents of the
flask were transferred to 15 ml centrifuge tubes, centrifuged
for five minutes at 1500 x ci, and aliquots assayed for
inorganic phosphate [13]. Initially the methodology was
checked by setting up control incubations of media, media
with Tris-ATP, the membrane preparation without sub-
strate, and the boiled membrane preparation with substrate.
Only Tris-ATP was found to contain small amounts of
interfering material. Thereafter, Tris-ATP protein-free
controls were included with all experiments and values
substracted from all determinations. In incubations to
determine Mg2tdependent ATPase activity, K+ was
omitted from the media. The (NaK)-ATPase was calcu-
lated as the difference between (NaKMg2) and Mg2-
dependent ATPase.
Determination of intracellular electrolytes. Slices were
made and stored as described above. Three slices were
placed in 30 ml polypropylene bottles containing two ml
Krebs Ringer bicarbonate buffer with 10 m sodium
acetate (pH 7.4). The bottles were gassed with 95% 02 —
5% CO2 or 95% N2 — 5% CO2 for 30 seconds, stoppered
and immediately incubated in a Dubnoff shaker for 30 mm.
In some experiments, I x 10 M ouabain was added directly
to the buffer. At the end of the incubations, the slices were
removed and intracellular sodium and potassium determina-
tions were made as described by Schwartzman, Blair and
Segal [14]. All values are based on triplicate determinations.
Results
Purity of membrane preparations. Initially, the isolated
membranes were examined by electron microscopy and
conformed in structural details with those reported by
Fitzpatrick et al [6]. Total mitochondrial succinic dehydro-
genase activity in the isolated membranes was less than
0.09% of the total activity in the crude homogenate in
both fresh and 24-hour stored kidney cortex slices and had
risen to only 0.9 % in membrane isolates from 48-hour
stored slices. Microsomal contamination was also low and
ranged from 0.45 % for fresh and 24-hour stored slices to
0.80% for slices stored 48 hours when compared with total
enzymatic activity in homogenates. Such low levels of
microsomal and mitochondrial contamination indicated
that the measured ATPase activities represented the activi-
ties present predominantly in the p1asma membranes of
the kidney cortex cells rather than the customary micro-
somal fraction.
Kinetics of ATPase. Before determining the effect of
storage on membrane ATPase activities, the incubation
procedure was standardized for the membrane prepara-
tions. The parameters investigated included determination
of the range of protein concentrations for linear increase in
hydrolysis of Tris-ATP, studies of the reaction rate and
experiments to establish the substrate concentrations giving
the apparent Km for (NaKMg2)-ATPase and Mg2t.
dependent ATPase.
The rate of reaction was linear up to 120 jig membrane
protein; therefore, in all subsequent experiments, the
protein concentration ranged from 60 to 100 jig per flask.
The rate of hydrolysis of ATP by (NaKMg2)-ATPase
and Mg2+dependent ATPase remained constant over the
first five minutes. Therefore, the incubation time selected
for all subsequent experiments was five minutes. The appar-
ent Km's derived from Lineweaver-Burk plots for
(Na KMg2 )-ATPase and Mg2 tdependent ATPase
were 0.31 mrvi and 0.26 mr'n Tris-ATP, respectively [15].
There is, therefore, no significant difference in substrate
requirements.
Membrane ATPase activities after storage. In Fig. I a the
effects of hypothermic storage of kidney slices for 24 and
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48 hours are shown. ATPase activity was determined
without preincubation of the membranes. There is no
difference in the total activity of (NaKMg2)-ATPase,
(NaK)-ATPase or Mg2-dependent ATPase after
24 hours of storage. At 48 hours of storage the activity of
(NaKMg2)-ATPase was the same as the activity of
MgZ+ dependent ATPase; i.e., there was an apparent loss
of all (NaK)-ATPase activity.
Membranes from fresh and 48 hour stored slices were
mixed in a ratio of 2:1 and analyzed without preincubation
in order to detect inhibition of (NaK)-ATPase activity
in the stored slices. The (NaKMg2)-ATPase activity
was 90 to 96% of the sum of the separate activities, thus
indicating the absence of any inhibitor present in the mem-
branes from stored slices. To further verify the loss of
(Na+K+)ATPase with storage, the effects of ouabain on
all components of ATPase were determined. Ouabain at a
concentration of I x iO M resulted in 100% inhibition of
(Na+K+)ATPase in membranes prepared from fresh
slices, but there was no inhibition in any ATPase activity
in the membranes isolated from the stored slices.
In a second series of experiments the isolated membranes
were preincubated in EDTA-imidazole buffer with and
without the presence of 2.5 m Na deoxycholate. With
preincubation (NaK)-ATPase activity as shown in
Fig. I b (A, A) was always present in membranes from
slices stored for 48 hours and its activity was equal to or
greater than that in membranes from non-stored slices.
Although preincubation enhanced (NaK)-ATPase activ-
ity in membranes isolated from stored slices, the overall
effect of such pretreatment was to decrease the total Mg2+
dependent ATPase activity in the membrane preparations.
The addition of 2.5 mrvi DOC to the EDTA-imidazole
preincubation buffer had two effects. First, it increased
the (Na+K+Mg2+)ATPase activity and second, it de-
creased the Mg2 +dependent ATPase activity more than
that seen with preincubation alone.
Effects of storage on intracellular electrolytes. In view
of the different results obtained for (NaK)-ATPase
activity in membranes from stored kidney slices depending
on treatment of the membranes, an effort was made to
clarify which of the methods used mirrored the physiological
state of the slices. An investigation of the ability of slices
stored at 4° C to transport intracellular electrolytes, a
(Na+K+)ATPasemediated process, was undertaken and
the results are shown in Fig. 2. Fresh and 48-hour stored
cortical slices were placed in fresh KRB buffer at 0.5° C
for 30 mm. Under these conditions, the intracellular
sodium content of fresh slices changed from an in viva
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Fig. 2. Effect of storage at 4 °C on intracellular Na+ and K+
concentrations in kidney cortex slices. Averages of triplicate
determinations of electrolyte concentrations in fresh and 48-
hour stored slices after 30 mm at 0.5 °C and 37° C aerobically,
and 37° C anaerobically (95% N-5 % C02) in Krebs Ringer
bicarbonate buffer pH 7.4 containing 10 m sodium acetate.
aFig. la. Levels of (NaKMg2)-
ATPase (o), (Na+K+)-ATPase (A)
and Mg2 +dependent ATPase (D) activ-
ity in membranes isolated from kidney
slices after 0, 24 and 48 hours of storage
at 4 °C. ATPase activity was assayed
directly after membrane isolation without
preincubation of the membranes.
H
Fig. lb. Assay of the total activity of the
membrane ATFase after preincubation of
the isolated membranes for 30 mm in
the cold in either 3 mM EDTA—50 mM
imidazole buffer at pH 7.5 (open symbols)
or in the same buffer containing 2.5 mzsi
Na deoxycholate (closed symbols). TA
refers to the total activity of each
ATPase component in the membrane isolate. The total activity is the product of
formed/hr/mg protein) and the total weight in mg of the isolated membrane protein.
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level of 39 mEq/liter to 98 mEq/liter. Forty-eight hour
stored slices maintained a sodium concentration of 152 mEq/
liter, the same level as the storage medium. When slices
were incubated aerobically at 37° C for 30 mm, the electro-
lyte content of fresh tissue remained essentially the same
at 92 mEq/liter, levels previously reported for kidney
tissue [14, 16—18]. The electrolyte content of stored slices,
however, was altered so that the sodium content decreased
to become the same as in fresh tissue, i.e., 92 mEq/liter,
thus indicating that the stored slices were able to pump
sodium. Fig. 2 also shows the complete inhibition of
sodium pumping in fresh and stored slices under anaerobio-
sis at 37° C. When 1 x 10 NI ouabain was added to the
incubation, the sodium pump was partially inhibited to the
same extent in both fresh and stored slices. The intra-
cellular potassium content of the slices reciprocally followed
the changes in the sodium concentration. The intracellular
potassium concentration of stored slices was 35 mEq/liter
and increased to 75 mEq/liter with incubation at 37° C in
fresh KRB buffer. Anaerobiosis caused a drop in potassium
concentration of fresh and stored slices.
Discussion
A new procedure [6] for isolation of plasma membranes
from whole rat kidneys was applied to isolation of mem-
branes from kidney cortex slices in order to study the
effects of storage on membrane (Na+K+)ATPase. This
method separated membrane fragments from other cell
organelles with no significant contamination by mito-
chondrial and microsomal enzymes.
The absence of (Na+K+)ATPase in membranes from
stored slices assayed directly compared with increased
(Na+K+)ATPase activity if these membranes were
preincubated raises the question of whether or not the
physiological state of the membranes was altered during
the storage or whether the differences observed resulted
from combined storage and subsequent membrane isolation.
Electron micrographs included in a recent report [2] have
shown that the fine structure of the 48-hour stored kidney
cortex slices had undergone gross alterations. Although
the cell membrane appeared intact, the cells were necrotic.
The microvilli of the brush borders, the mitochondria and
all of the orderly fine structure of the cytoplasm had disap-
peared. Although membranes from stored slices were
isolated by the same method as those from fresh tissue, the
possibility of alterations in fragmentation and sedimenta-
tion cannot be overlooked. However, it must be remembered
that total Mg2tdependent ATPase activity remained the
same in membranes from fresh and stored slices. Theoreti-
cally the reappearance of (NaK)-ATPase activity, when
membranes from stored slices were preincubated, may
indicate that the lipid-protein complex of the cell membrane
reported to be essential for (NaK)-ATPase activity
had undergone changes during storage leading to masking
or blocking of the active sites [19—22]. Such masking
could have been eliminated by preincubation of the mem-
branes.
The association of (Na+K+)ATPase and cation trans-
membrane movement has been well established in erythro-
cytes [23—27] and presumably functions in kidney tubular
cells [28—3 1]. The data presented indicate that slices stored
at 4° C when incubated at 37° C are capable of re-establish-
ment of intracellular sodium and potassium content similar
to that seen in freshly prepared cortical slices. This observa-
tion leads us to conclude that the absence of (Na+K+)
ATPase activity in membranes directly isolated from
stored kidney slices does not reflect the potential ability
of the cells themselves to extrude sodium. It appears that
the pretreatment of the membranes and exposure of the
ATPase activity provides a better correlation to the physi-
ological function of the cell.
The preservation of kidneys for transplantation has
become of great importance. Despite this, there has been
little information on the effect of storage on specific mem-
brane processes. Previous studies from this laboratory
have focused on the transport of non-electrolytes. The
data reported here show that another parameter of mem-
brane function, sodium pumping, is also preserved and
indeed, that membrane ATPase activity is also maintained.
These findings lend biochemical support to the inherent
feasibility of kidney preservation by storage at low tem-
perature. From a physiological point of view, they lend
further credence to a close relationship between ATPase
activity, electrolyte transport and amino acid and sugar
transport.
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